Abstract. The pathogenetic mechanisms of osteonecrosis of the femoral head are unresolved to date. This study analyzed the matrix metalloprotease (MMP) and tissue inhibitor of matrix metalloprotease (TIMP) expression and activity which might add to the impaired bone matrix repair capacity affecting the balance between bone resorption and de novo bone formation in osteonecrosis of the femoral head (ONFH). Cancellous bone biopsies were taken at the femoral head and neck of patients with advanced ONFH and patients with primary osteoarthritis (OA) who were undergoing total hip arthroplasty. We assessed the gene expression levels of MMP-2 and -9, TIMP-1 and -2, IL-1ß, IL-6 and TNF-· in both biopsies. These data were corroborated by MMP activity screening, collagen profiling and ELISAs for determination of MMP, TIMP, IL-1ß, IL-6 and TNF-· concentrations. Gene expression rates of MMP-2 and TIMP-1 were higher in ONFH biopsies whereas TIMP-2 and MMP-9 gene expression was not significantly altered. MMP protein profile shifted towards increased biosynthesis of both, active and pro-MMP-2 in ONFH bone lysates and decreased pro-MMP-9 production. Expression profiles of pro-inflammatory cytokines and collagens in OA and ONFH bone lysates were highly similar. Increased biosynthesis and activation of MMP-2 in ONFH samples may add to shifting the bone matrix turnover balance towards resorption of bone macromolecules thereby counteracting new bone matrix production. OA-and ONFH-affected bone exhibits a similar pro-inflammatory cytokine and collagen expression profile suggesting a relationship on the molecular level of inflammation and collagenous matrix composition between both diseases.
Introduction
Osteonecrosis of the femoral head (ONFH) is a painful and progressive disorder of the hip (1) . Most patients are in their middle age with a mean patient age of 38 years. For these individuals ONFH has a major impact on their individual lifestyle, since they often need to alter their work and leisure activities. Furthermore, progressive ONFH leads, if untreated, to a collapse of the femoral head and secondary osteoarthritis (OA) requiring total hip replacement (2,3). However, a major complication of hip arthroplasty in patients with osteonecrosis is the early migration and loosening of the femoral stem. One cause discussed for this high rate of failure is a lower quality of cancellous bone in the whole proximal femur in patients with osteonecrosis (4, 5) .
Repair capacity and bone remodelling play an important role in the progression and severity of ONFH, however, little is known about the underlying regulatory and repair mechanisms (6, 7) . Bone remodelling is a physiological process comprised of two balanced phases, the resorption of pre-existing bone tissue by osteoclasts, followed by de novo bone formation by osteoblasts (8) . The gelatinases A (matrix metalloprotease-2; MMP-2) and B (MMP-9) are described as key MMPs in bone remodelling and exhibit a broad substrate specifity towards denatured collagens and other extracellular matrix (ECM) macromolecules, thereby contributing to the degradation of collagen fibrils, basement membranes, and other suprastructures of the ECM (9, 10) . Both gelatinases are synthesised by osteoblasts, while MMP-9 is additionally produced by osteoclasts. Expression of both MMPs in osteoblasts may be induced by pro-inflammatory cytokines such as IL-1, IL-6 and TNF-· whereas in osteoclasts MMP-9 expression is stimulated by RANKL (11) (12) (13) . MMP-2 is known to be increased in osteoarthritic cartilage (14) while MMP-9 regulates apoptosis of hypertrophic chondrocytes and is a key regulator of growth plate angiogenesis, thus rendering MMP-9 essential for normal bone development and remodelling (15) .
The major endogenous peptide inhibitors of all MMPs are tissue inhibitors of matrix metalloprotease (TIMP)-1 to -4. TIMP-1 and -2 are synthesised by osteoblasts and osteocytes and expression of TIMP-1 is induced by a variety of physio-logical stimuli such as IL-1 and TNF-· (16,17) among others, while TIMP-2 is not regulated by most bone remodelling agents (18). TIMP-1 is also produced by osteoclasts and its expression there is inhibited by RANKL (19) . TIMP-2 is essential in MT1-MMP mediated physiological activation of MMP-2 which is regulated by a cell surface interaction of these MMPs (20) . Pro-inflammatory cytokines, such as IL-6 are generally known to reduce the expression of TIMPs, while concurrently causing an increase in the expression and secretion of MMPs, cyclooxygenases and NO (21, 22) . Additionally, IL-1ß and TNF-· play important roles in bone remodelling and homeostasis. Through a variety of mechanisms these cytokines regulate osteoclast activity and osteoclastogenesis (23, 24) .
We hypothesise that MMP-2 and -9 synthesis and activity is different in the head and neck regions of patients with ONFH vs OA and will add to the impaired bone matrix repair capacity affecting the balance between bone resorption and de novo bone formation in osteonecrosis. The aim of this study was to determine expression and activity of MMP-2, -9, TIMP-1 and -2 in the head and neck region of ONFH and OA bone samples.
Materials and methods
Patients. This study was approved by the ethics committee and informed consent was obtained from all patients included in this study. The study and control groups consist of 10 patients each. Due to the limited sample size, different patients had to be taken for quantitative RT-PCR and zymography, ELISA and SDS-PAGE in each group.
In the study group, all patients had advanced ONFH classified as stage III-IV according to the classification of Ficat (25) . The mean age of the patients taken for gene expression analysis by quantitative PCR was 46 years (range, 37-56 years). Patients taken for protein analysis had a mean age of 51 years (range, 42-63 years).
The control group consisted of 10 patients with primary OA. Patients for gene expression analysis by quantitative PCR had a mean age of 65 years (range, 41-74 years), those for protein analysis had an average age also of 65 years (range, 39-86 years). There were no differences in gender between the two groups.
Bone sampling. All patients received a cementless total hip replacement using a lateral approach. Following a standardized protocol by Calder et al and Kim et al (1, 4) , defined samples of cancellous bone (1 cm 3 ) were taken from the centre of the femoral head and the base of the femoral neck (26) . We chose femoral head and neck biopsies because these regions are primarily affected by osteonecrosis. Since we cannot exclude a difference in protein and gene expression profiles between these two femoral areas we prepared and analyzed them separately. Samples were either frozen at -20˚C for protein isolation or shock frozen in liquid nitrogen and stored at -80˚C for RNA isolation.
RNA extraction. From 500 μg to 1.5 mg of bone tissue pieces were rotated in a 6-ml lysis buffer for 1 h at room temperature. Subsequently, the lysis buffer was homogenized with a 20 G syringe and RNA was extracted according to manufacturer's protocol (RNAaqueous™-Midi, Ambion, Germany). Crude RNA was subjected to DNase digestion as described earlier (26) .
Cloning of PCR products for standard curves. Using the primers listed in Table I , 5-10 μl of cDNA was subjected to conventional PCR and products were ligated into PCR II Blunt-TOPO-vector (Zero Blunt ® TOPO PCR Cloning kit, Invitrogen, Germany) as described (26) . Identity of inserts was verified by restriction digest and sequencing. For preparation of standard curves for quantitative RT-PCR plasmids were linearized with NotI and dilution stocks of 10 -8 -10 -10 g/μl were stored at -80˚C in single use aliquots.
Real-time quantitative RT-PCR.
Absolute and relative quantitative RT-PCR was carried out in triplicates with 50 ng cDNA (RNA equivalent) each with SYBR Green Dye I master mix using an ABI 7000 Prism Sequence detection system (Applied Biosystems, USA). For absolute quantification (MMP-2, TIMP-1, -2, IL-6, TNF-· and IL-1ß), a plasmid standard curve (1x10 2 -3x10 6 copies of the target gene) was included on each PCR plate. Contrary to relative quantification it is not necessary to normalize the genes of interest to internal control genes (27, 28) . Relative quantification (RQ) values (MMP-9) were calculated by using ABI Prism 7000 SDS software v1.1 employing the ΔΔCt method with ß-actin as endogenous control and OA samples as calibrator. Mean RQ values were plotted on a semi-logarithmic graph. RNA quality was checked on the Agilent Bioanalyzer 2100 (Stratagene, USA) for integrity. Primers (Table I) were designed with Table I . Primer sequences for quantitative RT-PCR. 
either Primer3 or 'Primer Express' software (Applied Biosystems, USA). All primers were manufactured at MWGBiotech, Germany.
ELISAs for collagen I, TIMP-1, -2, MMP-2, -9, IL-1ß, IL-6
and TNF-·. TNF-·, IL-6, TIMP-1, -2, MMP-2 and -9 protein concentrations were analyzed in 1 mg ground bone tissue solubilized in 100 μl lysis buffer by sandwich ELISAassay using human IL-1ß, TNF-·, MMP-9 and -2 (R&D Systems, USA), a human IL-6 kit (Abcam, UK), and a Collagen I kit (Chondrex, USA) according to manufacturer's instructions. Antibodies to MMP-2 and -9 detect both the active and the pro-form. Optical density after color development of respective substrates was measured at 450 or 490 nm with a Genios microplate reader (Tecan, Switzerland). Protein concentration was expressed in relation to 1 mg ground bone tissue.
Collagen isolation from bone tissue. Pulverized bone (10 mg) was resuspended in 1.5 ml pepsin solution (2.5 mg/ml; 2.5-3.5 U/mg; Sigma Aldrich, Germany) and rotated at 4˚C for 72 h. After neutralizing samples with 1 M Tris HCl collagens were extracted by rotation o.n. at 4˚C with 4.5 M NaCl. Collagens were precipitated at 14,000 rpm in an Eppendorf centrifuge for 30 min at 4˚C and resuspended in 400 μl 0.4 M NaCl in 0.1 M Tris-HCl. After adding 3x volume of EtOH absolute samples were incubated at -20˚C for 4 h and centrifuged at 14,000 rpm in an Eppendorf centrifuge for 3 min. After air drying pellets were resuspended in 2x gel loading sample buffer and separated on a 4.5-15% gradient SDS-PA gel. Collagens were visualized with Coomassie Brilliant Blue R250 (Serva, Germany) staining for 1 h. Purified bovine collagen I was a gracious gift from P. Bruckner (University of Münster, Germany).
Zymography. Aliquots of bone lysates (70 μg total protein per sample) were mixed with equal volumes of 6-fold concentrated sample loading buffer and subjected to electrophoresis under non-denaturing conditions on a 1% gelatin-containing 4.5-15% gradient SDS-PA gel. Gels were processed as described previously (29) . For positive controls, highly purified native MMP-9 from human neutrophils (Calbiochem, Germany) and highly purified native MMP-2 from human rheumatoid synovial fibroblasts (both Calbiochem, Germany) were applied to the same gels.
Statistical analysis. The Kolmogorov-Smirnov test was used to evaluate if gene expression and ELISA parameters followed a normal (Gaussian-shaped) distribution and Levene's test was used to assess the homogeneity of variance (constant variance).
Expression of genes and ELISA parameters were compared between the two groups (osteonecrosis and osteoarthritis) using one-repeated measure ANOVA with the assumption of homogeneity of variance used as appropriate. Only where a statistical significance was found, pair-wise comparisons of the groups were performed using the t-test. A p-value <0.05 was considered statistically significant. Analysis of the data was performed using GraphPad Prism Version 4 (GraphPad Software, Inc., San Diego, CA, 2003) Continuous data are presented as mean ±SD.
Results

Gene expression profile of MMP-2, -9 and TIMP-1, -2.
MMP-9 and TIMP-2 gene expression is not statistically different between OA and ONFH, while MMP-2 and TIMP-1 mRNA levels were clearly upregulated in ONFH samples (Fig. 1A-D) . MMP-2 mRNA levels were profoundly elevated in both the head and neck regions, while TIMP-1 mRNA level was induced in the neck region only of patients with ONFH compared to those with OA ( Fig. 1A and C) . For TIMP-2 the head region in OA showed an elevated gene expression rate compared to the neck area in OA bone while for MMP-2 and TIMP-1 the mRNA levels were not statistically different between regions of the same disease (Fig. 1A, C and D) . Expression rates for all 4 genes were not significantly different between the head and neck regions of the ONFH samples.
Protein expression profile of MMP-2, -9 and TIMP-1, -2.
In order to analyse protein concentration, bone lysates were subjected to ELISA and data were related to 1 mg dry weight of ground tissue. Antibodies to MMPs recognize both, proand active forms of MMP-2 and -9. Concurrent to gene expression level, MMP-2 protein expression was induced in ONFH head and neck bone ( Fig. 2A) while MMP-9 protein expression was altered inversely with an increase in OA samples. Both, head and neck from OA bone lysates contained a higher MMP-9 protein concentration as the corresponding ONFH samples. Additionally, OA neck samples contained more MMP-9 as OA head samples while these regions did not differ in MMP content in the ONFH sample (Fig. 2B) . Protein expression of TIMP-1 and -2 remained unaltered with no differences according to region and pathology ( Fig. 2C and D) . Protein expression of MMPs and TIMPs was not significantly different between the head and neck regions of the ONFH samples. Notably, protein concentrations of MMPs were in the range of 50-500 pg for MMP-9 and l-5 ng for MMP-2 while concentrations of TIMPs ranged between 0.5-5 pg per mg bone tissue lysate.
MMP-2 and -9 activation profile. Gelatine zymography confirmed differential MMP-9 and -2 biosynthesis in ONFH vs OA. Additionally, we have detected a different activation profile in bone lysates from head ( Fig. 3A) and neck ( Fig. 3B ) when comparing ONFH and OA samples. In ONFH head and neck bone lysates both forms, pro-and active MMP-2, were detectable in increased amounts compared to corresponding OA bone samples concurrent to results of ELISA. MMP-9 remained inactive, only the pro-form was detected in all samples. As confirmed by ELISA data, bone lysates from head and neck OA samples produced more enzymes than the corresponding ONFH samples. TIMP-1 and -2 protein levels were below detection limit of reverse zymography (data not shown).
Gene and protein expression profile of IL-1ß, IL-6 and TNF-·.
Gene expression of IL-1ß, IL-6 and TNF-· was neither in the head region nor in the neck area of ONFH samples significantly different from OA samples (Fig. 4A-C ). IL-1ß mRNA level was higher in the neck of both, OA and ONFH samples compared to head lysates (Fig. 4C) . ELISA analysis revealed for none of the cytokines a significant alteration in protein concentration (Fig. 4D-F) . IL-6 protein concentration range was at the ng level, while TNF-· and IL-1ß concentration ranged at the pg level.
Collagen profile. ELISA data revealed no difference in collagen I concentration per mg bone tissue between ONFH and OA samples and between head and neck ( Fig. 5A ) with an average concentration of collagen I at ~0.5 μg. SDS-PAGE analysis of pepsin-digested collagens revealed the presence of both · chains (·1 and ·2) of collagen I in all samples analysed (Fig. 5B) . No additional major fibrillar collagens were detected after Coomassie Blue staining. This collagen profile was identical for head and neck samples and did not reveal alterations in ONFH vs OA bone pepsin digests.
Discussion
In patients with ONFH, reduced repair capacity and altered bone remodelling play an important role in progression and severity of the disease, however, little is known about the underlying molecular pathophysiology and its effect on bone metabolism (6) . The aim of our study was to determine the expression and activity profile of bone matrix degrading enzymes, MMP-2 and -9, and their endogenous inhibitors which are known to participate in physiological and pathological bone remodelling and might affect bone matrix. Notably, MMP-2 and -9 biosynthesis is regulated in an opposite manner. While MMP-2 mRNA and protein level are clearly upregulated in ONFH samples, MMP-9 protein concentration is profoundly higher in OA bone. Xue et al described a substantially higher production of MMP-9 in peripheral monocytes and synovial fibroblasts in rheumatoid arthritis compared to primary OA while MMP-2 production was not altered. They observed that addition of activated protein C (APC), a natural anticoagulant, inhibits the expression and production of MMP-9, but stimulates the expression and activation of MMP-2 (30).
Whether APC mediated regulation of MMP-9 plays a role in OA or ONFH affected bones remains to be investigated, however, it is tempting to speculate that ONFH bone contains an increased number of monocytes and leukocytes which express the APC receptor (EPCR) among others (31) . This might explain why we did not observe a substantial amount of active MMP-9.
The discrepancy between the MMP-9 gene expression level which remains unchanged and protein level which is higher in OA as compared to ONFH might be either explained by post-transcriptional regulation mechanisms as described for MMP-9 in HT1080 cells, a human fibrosarcoma cell line (32, 33) or by increased release from local neutrophils which are able to store MMP-9 in specific granules in high amounts (34, 35) .
Our data suggest that at a late disease stage both ONFH and primary OA reveal a comparable inflammation status as the expression profile of the major pro-inflammatory cytokines IL-1ß, IL-6 and TNF-· is similar. We therefore assume that alteration of MMP expression must be either promoted by additional factors or must be due to the different susceptibility of the tissues to the cytokine action because of differences in cytokine receptor expression or availability of cytokine inhibitors.
Contrary to MMP-2 and -9, TIMP-1 and -2 protein amounts in ONFH and OA bone biopsies were markedly lower. Apart from inhibiting MMPs, TIMPs have additional functions which include regulation of cell growth and apoptosis (36) . In bone cells, TIMP-1 and -2 at low doses (10-50 ng/ml) can directly stimulate bone resorption activity independent of their ability to inhibit MMPs. They stimulate bone-resorbing activity of osteoclasts by activation of the MAPK pathway at low concentrations, however at higher doses they inhibit bone resorption likely by inhibiting responsible MMPs such as MMP-2 and -9 (37). Possibly, in primary OA and ONFH affected bone, TIMPs rather promote than inhibit bone resorption since we have detected these proteins only at very low doses (1-4 pg/mg bone tissue).
Collagen I constitutes the major collagen fraction in bone matrix and accounts for 90% of the dry mass in bone (38) . Notably, we did not observe an altered collagen I content, the major fibril forming collagen in the bone matrix and the collagen protein profile including degradation products when comparing ONFH and OA bone samples. However, this observation might be due to the time point of analysis. Our samples are received at the time of total joint replacement, meaning highly advanced pathological stages in both diseases. We cannot exclude possible differences in collagen I production or degradation at earlier stages which are attenuated during progression of the diseases. Along this line, μCT analysis of structural bone parameters fail to reveal differences between OA and ONFH affected head and neck bone biopsies at this late stage of the diseases (26, 39) .
A limitation of our study is caused by the control group, which consists of patients with primary OA who have a higher mean age than those patients with ONFH included in the study group. The ideal control group would consist of individuals with a mean age comparable to that of the patients with ONFH (<50 years). Furthermore, it would have been desirable to include individuals in the control group without any bone/cartilage diseases (e.g. primary OA) or traumata of the hip joint. However, due to methodological and strict ethical restrictions we were unable to obtain bone samples of the proximal femur from healthy individuals. Therefore, comparable to the study of Calder et al (1), we decided to include individuals with primary OA who underwent total hip arthroplasty as the control group. Clearly, we have to be aware that the molecular mechanisms and expression levels of bone markers might be different in the proximal femur of individuals without any pathological changes of the hip joint.
In conclusion, we report differential MMP-2 and -9 expression in ONFH compared to primary OA bone biopsies. TIMP-1 and -2 protein levels are similarly low in both pathologies pointing towards stimulation of bone resorbing Figure 5 . Collagen I profile analyzed by ELISA and SDS-PAGE. Ground bone tissue (1 mg) was subjected to pepsin and elastase digestion and assayed by a collagen I ELISA detection kit. Protein concentration was plotted in μg/mg tissue (A). n=6-10. Collagens, isolated from 10 mg pulverized bone by pepsin digest and NaCl precipitation, were separated on a 4.5-15% SDS-PA gel and stained with Coomassie brilliant blue (B). A representative gel is shown here. Lane 1 contains 5 μg purified bovine collagen I (·1 and ·2 chains plus ß-forms); lanes 2 and 4 contain collagens prepared from OA bone lysates and lanes 3 and 5 contain collagens prepared from ONFH bone lysates. Stars indicate pepsin bands. n=5. activity rather than primarily acting as endogenous inhibitors of MMP activation. We were unable to detect regional differences in protein and gene expression of gelatinases and TIMPs in corresponding ONFH head and neck regions. However, in OA affected bone protein biosynthesis of MMP-9 is increased in the neck region. OA and ONFH affected bone exhibit a similar pro-inflammatory cytokine and collagen protein profile which suggests a basic relationship on the molecular level of inflammation and collagenous matrix composition between both pathologies in advanced disease stages.
